Abstract
Introduction

50
Insulin is well documented to stimulate sodium transport at sites all along the nephron. 51
However, the physiologic significance of this effect is relatively unknown. Insulin-stimulated 52 sodium chloride transport has been demonstrated in the renal proximal tubule (16, 33) , loop 53 of Henle (24), distal convoluted tubule (38), and cortical collecting duct (15, 41, 47, 48) . It 54 has been shown to activate several renal sodium transport mechanisms, including the 55 epithelial Na + channel (ENaC) (6, 13, 27, 34, 41) , the Na + -Cl co-transporter (NCC) (25) , 56 and the Na + -K ATPase (15). Yet, current understanding basically is limited to the pathology 57 defined by type 1 diabetes: If insulin is absent, renal sodium excretion increases 58 dramatically, and when insulin is replaced the sodium loss is reversed. It is an all-or-none 59 relationship that ascribes only pathologic significance to the sodium transport effects of 60
insulin. 61 62
Because circulating glucose controls the release of insulin, the hormone levels vary 63 throughout the day, especially with meals (21, 23). The postprandial increase in circulating 64 insulin is critical for disposing of glucose and is known to control many aspects of 65 intermediary metabolism. However, how these normal variations in circulating insulin 66 modulate Na + glucose levels that were not different between the C and IC-High groups, and the glucose 163 was injected via the abdominal aortic catheter so as not to interfere with the continuous iv. 164 insulin clamp infusion. This marked t=0 of a 4-hr urine collection. Blood glucose was 165 measured immediately after injection and then at 5, 10, 20, 30, 40 and 50 mins. Plasma 166 insulin was measured at t = 5 min. Because of this repeated blood sampling, PRA was not 167 measured in this protocol. Additional glucose boluses, at the same dose, were given at 1, 168 2, and 3 hrs, to ensure a significant increase in urine output over the 4-hr period. 169
170
Analysis of Samples 171
Urine and blood glucose concentrations were measured with an Accu-chek Active glucose 172 meter (Roche, New York, NY 
Statistics 182
Results are presented as mean ± SE. All data were graphed using Graphpad Prism 183 software. Student t-tests for unpaired groups comparing C to IC rats were performed. 184
Comparison of plasma insulin under the different conditions was made using ANOVA. A 185 probability value less than 0.05 was considered to be significant. 186
187
Results
189
24-hr assessment 190
The rats that were not able to increase plasma insulin (IC-High) had significantly greater 191 urine volume (36±3 vs. 15±2 ml/day) and sodium excretion (3.0±0.2 vs. 2.5±0.2 mmol/day) 192 than the C rats over the 24-hr period ( Fig. 1A and 1B ). GFR and PRA, measured after the 193 24-hr collection following a 2-hr fast, were not different between groups (Table 1) . 194
Fractional excretion of sodium, calculated from the 24-hr urine collection and the 2-hr 195 fasted GFR, also was not different, averaging 0.44+/-0.04 vs. 0.49+/-0.04 % in C vs. High. The IC-High rats had significantly greater water (29±3 vs. 6±2 ml) and food (25±2 vs. 197 16±1 grams) intakes than the C rats, respectively. The food was not the source of the 198 increased sodium excretion, however, because sodium intake was clamped at normal in 199 both groups by feeding a sodium-deficient diet and infusing 0.9% saline iv. 24 hrs/day to 200 maintain the same sodium intake in both groups. Uncontrolled diabetes also did not 201 explain the diuretic and natriuretic responses in the IC-High rats, because fasting blood 202 glucose trended lower in the IC-High vs. C rats (88±21 vs. 130±4 mg/dl, respectively, ns, 203 Fig. 1C) . Thus, the diuresis and natriuresis were independent of an increase in fasting 204 blood glucose. Urinary potassium excretion was not measured, because the rat chow 205 contained potassium, and our caging system with the infusion swivels cannot completely 206 prevent food electrolytes from contaminating the urine. There were no differences in 207 plasma sodium or potassium concentrations between IC-High and C groups (Table 1) . 208
209
Postprandial 210
Fasted IC-High and C rats consumed 6.1±1.2 and 6.2±0.5 grams of the gel diet, 211
respectively. Similar to the 24-hr response (Fig. 1A) , urine volume over the 4-hr 212 postprandial measurement period was significantly greater in the IC-High compared to the 213 C rats (4.5±0.9 vs. 2.7±0.2 ml, respectively; Fig. 2A ). Water intake was not different, 214 averaging 3.6±0.8 and 3.8±0.9 ml in IC-High and C rats, respectively, over the 4-hr period. 215
However, urinary sodium excretion was significantly lower during the postprandial period in 216 the IC-High vs. C rats (Fig. 2B) , which was opposite the response measured over 24 hrs 217 ( Figure 1B ). Blood glucose concentration was greater in the IC-High vs. C rats (Fig. 2C) , 218 and urine glucose excretion was significantly greater in the IC-High rats (4±1 μg/min) vs. C 219 rats (no glucose detectable in the urine). Urinary ADH secretion was significantly lower in 220 IC-High vs. C rats, and PRA, plasma sodium concentration, and plasma potassium 221 concentration were not different between groups (Table 1) . 222
224
Glucose Bolus 225 Figure 3A shows that peak blood glucose responses were not different between the IC-226
High and C rats in response to the bolus glucose injections. Under these conditions, urine 227 volume and urinary sodium excretion both were significantly greater over the 4-hr period in 228 the rats that could not increase plasma insulin from baseline (IC-High) vs. C rats (Fig. 3B  229 and 3C). Because there was no possibility for food to contaminate the urine in this 230 experiment, urinary potassium excretion was measured. It averaged 0.20±0.02 vs. 231 0.23±0.03 mmol over the 4-hr period in IC-High vs. C rats, respectively, and was not 232 different. Urinary ADH secretion was significantly greater in IC-High vs. C rats, and plasma 233 sodium and potassium concentrations were not different between groups (Table 1) . 234
235
Plasma Insulin 236 Figure 4 shows plasma insulin concentration in C and IC-High rats under the 3 237 experimental conditions. In the C rats (white bars), the gel diet increased plasma insulin 238 above fasting levels, and there was a substantially greater insulin response to the glucose 239 bolus. Because we did not measure the plasma insulin response to STZ alone, i.e. before 240 the insulin clamp began, it cannot be guaranteed that all IC-High rats had no postprandial 241 or post-glucose endogenous release of insulin. However, plasma insulin levels in the IC-242
High rats (black bars) 2 hours after the gel diet and 5 minutes after glucose bolus did not 243 rise above that of 2-hr fasting levels, suggesting the IC-High procedure was effective in 244 preventing endogenous insulin release. Fasting plasma insulin concentration in the IC-245
High rats was not significantly greater than in the C rats by ANOVA. However, Figure 4  246 clearly shows a tendency for it to be greater. This likely was because of the high insulin-247 replacement doses used to prevent markedly elevated urine volumes in the IC-High rats, as 248 
Low insulin-dosing IC group 253
To test whether this insulin-replacement dosing regimen and high fasting plasma insulin 254 levels in the IC-High rats ( Figure 4 ) could have played a role in their unexpectedly lower 255 sodium excretion response to the gel diet (Figure 2 ), an additional group of rats (n=6) was 256 run under both C and IC conditions, using lower insulin-replacement dosing during the 257 insulin clamp. These rats were instrumented similarly, and this essentially repeated the 258 experiment shown in Figure 1 , but with lower insulin dosing for the insulin clamp (1.6±0.1 259
vs. 2.8±0.3 U/day). Fasting plasma insulin during IC + Low Insulin Dosing indeed was 260
lower, averaging 22±5 uU/ml compared with the fasted plasma levels of 78±12 uU/ml in the 261
IC-High group as shown in Figure 4 (IC group, 2-hr fast). Fasting plasma insulin under 262
Control conditions averaged 10±4 uU/ml in these rats, similar to the 16±4 uU/ml in the C 263 group in Figure 4 . Blood glucose in IC-Low rats no longer was lower than Control levels 264 ( Figure 5C ) and actually was significantly higher than Control. show the renal response in these rats over a 24-hr period. Consistent with our pilot 266 studies, urine volume was approximately 3 times greater during IC-Low (91±10 ml for IC-267 Low in Figure 5 vs. 36±3 ml for IC-High in Figure 1 ). However, despite these differences, 268 24 hr urinary sodium excretion was significantly greater during IC-Low vs. Control ( Figure  269 5), similar to the response shown in Figure 1 for IC-High. Figure 6 shows the response to 270 the acute gel feeding experiment in these rats. Again, similar to the response shown for 271 the IC-High group in Figure 2 , the IC-Low rats had greater urine volume and lesser sodium 272 excretion responses to the acute gel feeding. Thus, the insulin dosing levels used to 273 induce the insulin clamp did not appear to explain either the 24-hr or immediate 274 postprandial renal sodium excretion responses. The main finding of this study is that rats that were prevented from raising plasma insulin 280 levels had significantly greater urine volume and urinary sodium excretion than control rats 281 over 24 hrs of ad libitum eating. A high carbohydrate meal replicated the diuretic response, 282 but not the natriuretic response. However, an injected glucose bolus, that matched peak 283 glucose levels between groups, caused significantly greater urine volume and over twofold 284 greater urinary sodium excretion over a 4-hr period. These data demonstrate that the 285 normal increase in circulating insulin in response to hyperglycemia is required to prevent 286 excessive renal sodium and volume losses, and suggest that insulin may be a physiologic 287 regulator of sodium balance. 288
289
Because there is a considerable volume of literature demonstrating significant effects of 290 insulin to increase sodium reabsorption at multiple nephron sites (15, 16, 24, 33, 38, 41, 47, 291 48) via stimulation of a variety of sodium transporters (6, 13, 15, 25, 27, 34, 41) , it could be 292 argued that insulin already is known to be a physiologic regulator of sodium balance. 293
However, that conclusion is a priori because it is inference based primarily on what is 294 known about insulin from type 1 diabetes. While type 1 diabetes indeed identified a 295 requirement for insulin to prevent life-threatening natriuresis and diuresis, it simply 296 documents that insulin must be present. The effects of insulin loss and replacement on 297 renal excretion in type 1 diabetes do not quantify the independent roles of insulin versusglucose and do not address the potential physiologic role of the normal daily variation of 299 plasma insulin on renal sodium excretion. 300
301
Regarding the independent roles of low insulin versus high glucose in causing the 302 natriuresis and diuresis in type 1 diabetes, it is conventionally accepted that these effects 303 are due to the hyperglycemia, i.e. to an osmotic diuretic effect of glucose. DeFronzo 304 hypothesized in 1981 (11) that the natriuresis and diuresis in type 1 diabetes could be due, 305 at least in part, to the decrease in insulin and its sodium-retaining action, but that 306 hypothesis had not been tested directly until recently. We demonstrated, in dogs with type 307 1 diabetes, that 6 days of sustained hyperglycemia (~ 400 mg/dl) did not cause sustained 308 natriuresis and diuresis unless plasma insulin decreased below normal levels (28). Thus, 309 the decrease in insulin, rather than the hyperglycemia, was the cause of the sustained 310 natriuresis and diuresis, suggesting that baseline insulin exerted a powerful sodium-311 retaining effect. A subsequent study from our laboratory showed that this was due to direct 312 renal actions of insulin (29) . 313 314 However, those studies did not address whether normal, daily variation in plasma insulin 315 levels have a significant influence on renal sodium handling. Insulin has been 316 hypothesized to influence postprandial sodium excretion (2, 42), but that has not been 317 tested experimentally. In the present study, we controlled the insulin response to meals to 318 test directly the role of daily variations in insulin on renal sodium excretion. Insulin is known 319 to increase in response to a mixed meal, and can be stimulated by the protein and lipid 320 components in addition to carbohydrates (23). The normal insulin clamp developed for thisstudy (IC rats) was effective in preventing meals and bolus glucose administration from 322 increasing plasma insulin above fasting levels. Over a 24-hr period, this caused 323 significantly greater urinary sodium excretion and urine volume in the IC versus C rats. Our 324 hypothesis ascribes this effect to the failure of insulin to increase after meals in the IC rats, 325 but Figure 4 shows that fasting plasma insulin was higher in the IC rats than in the C rats 326 (24 hr data are fasting levels). Ecelbarger's laboratory reported that distal nephron insulin 327 receptors promote NO-mediated natriuresis (43). Thus, one explanation for the natriuresis 328 and diuresis in the IC rats over 24 hours could have been activation of this mechanism by 329 the fasting hyperinsulinemia. However, the data from our IC + Low Insulin Dosing group 330 argue against that explanation. 331
332
Pilot studies showed that if the insulin replacement dose was set to keep fasting blood 333 glucose in the IC rats comparable to that in the C rats, then daily urine volume was 3-4 fold 334 elevated. Therefore, insulin-clamp dosing in the IC rats was increased to yield a slight 335 fasting hypoglycemia ( Figure 1C) . Figures 1A and B show that these IC-High rats still had 336 2-fold greater urine volume and significantly greater sodium excretion over 24 hours. To 337 determine whether the high insulin dosing for the insulin clamp in these rats affected our 338 results, an additional group of rats was run in which the insulin-clamp dosing was lowered 339 (IC-Low). The insulin-clamp dose in this group averaged almost 50% lower, and plasma 340 insulin averaged approximately 70% lower, than the IC-High group shown in Figure 1 . The 341 results ( Figure 5) show the markedly elevated 24 hr urine volumes, but still the significantly 342 elevated urinary sodium excretion. Thus, the natriuretic response over 24 hours of insulin 343 clamp was not affected by changing the insulin-clamp insulin dose, therefore not supporting 344 the possibility that high insulin dosing caused the increase in 24-hr sodium excretion. 345
346
The renal excretory response to a single meal was used to determine whether the 24-hr 347 natriuretic and diuretic responses were due to the effects of meals during overnight ad 348 libitum eating. The diuretic response to the gel diet in the IC versus C rats mirrored the 24-349 hr response. Unexpectedly, however, urinary sodium excretion was lower in IC rats, 350 opposite from the 24-hr response. The IC-Low rats were added to test whether the renal 351 response to the meal was influenced by the insulin dose used to establish the insulin 352 clamp. The results do not support that, because the data in Figure 6 compared against 353 Figure 2 show that the sodium excretion response to the meal was not altered. The fact 354 that the gel diet did not match the macronutrient content of the daily rat chow, that the meal 355 came after an overnight fast, and that blood glucose was different between IC and C rats 356 after the gel meal, all could have affected the results and will need to be addressed in 357 future studies. 358
359
The glucose bolus experiment was designed to simulate a meal while allowing us to directly 360 control the rise in blood glucose between groups. Figure 3 shows that the peak 361 hyperglycemic responses were not different between the two groups. Subsequent blood 362 glucose levels tended to be lower in the IC rats over the rest of the post-infusion time 363 period, possibly because they required a 50% lower glucose dose to achieve the same 364 peak increase in blood glucose as the C rats. Thus, there was no evidence for a greater 365 blood glucose level in the IC rats after a bolus glucose load; yet, the IC rats excreted 366 approximately twice as much sodium and volume over 4 hrs than the C rats. The fact that 367 the gel diet increased urine volume but lowered sodium excretion in the IC rats, whereas 368 both urine volume and sodium excretion increased after the glucose bolus, provides 369 evidence that the sodium excretion response to the glucose bolus was not a consequence 370 of increased urine volume. The regulation of urine volume under these conditions is 371 unclear. Table 1 shows that antidiuretic hormone (ADH) levels were greater in the IC rats, 372
suggesting that ADH did not contribute to the diuretic response to the glucose bolus. 373
However, ADH was lower after the gel meal in the IC rats, which also had a diuretic 374 response. Therefore, further studies will be needed to determine to what extent ADH may 375 have contributed to these results. 376
377
These results showed that hyperglycemia-induced natriuresis and diuresis were 378 significantly greater if the glucose-induced hyperinsulinemia was prevented. We 379 hypothesize that this was due to loss of the antinatiuretic effect of insulin that normally 380 would have occurred if it had been allowed to increase. We hypothesize further that this 381 explains the greater 24 hr sodium excretion in the IC rats, but we will need a different 382 approach than the gel diet to link the 24 hr response more directly to postprandial 383 antinatriuretic effects of insulin. The mechanism for the antinatriuretic action is not known. 384
All manipulations of insulin in this study were of circulating insulin, so it is possible that 385 central actions on the sympathetic nervous system could be involved (26, 31, 40) . 386
However, we recently used chronic, renal artery insulin infusion in dogs with type 1 387 diabetes to show that the sustained effects of circulating insulin on renal sodium and 388 volume excretion (28) were due to intra-renal actions of insulin (29). As discussed above,there are multiple sites along the nephron where insulin has been shown to act, but this 390 study was not designed to probe that aspect of insulin action. Interestingly, however, 391 because the sodium-retaining effect of intrarenal insulin infusion was measured in diabetic 392 (29), but not normal (18, 29) dogs, this suggested that some renal interaction between 393 glucose and insulin might be involved. It will be interesting in that regard for future studies 394 to test whether insulin action on SGLT2 (16) 
401
There has long been fascination with the body's ability to achieve sodium balance rapidly, 402 and the focus has been predominantly on excretion of a salt load. The reason for that 403 focus is not known, but could be based on the need to facilitate renal excretion of salt in 404 pathological states such as hypertension and heart failure. Regardless, the literature is 405 dominated by the study of natriuretic influences following a meal. The ability to eliminate 406 an acute salt load has been attributed to many factors, such as withdrawal of the renin-407 angiotensin-aldosterone system (5, 36), increased natriuretic peptide (12, 39, 46) , 408 withdrawal of renal sympathetic nerve activity (32, 35) , hemodynamic factors (20), and gut-409 derived hormones such as glucagon-like peptide (GLP1) (17), amylin, secretin, vasoactive 410 intestinal peptide, glucagon and uroguanylin (14, 30, 45) . However, salt is a precious 411 commodity that has been scarce during human evolution (1), yet there is little evidence formeal-induced hormones that function to conserve the salt in a meal by limiting its 413 elimination by the kidneys. Our data suggest this is a physiologic function of insulin, thus 414 possibly warranting placement of insulin alongside the many other neural, hormonal, and 415 hemodynamic factors already known to be important components of the control system for 416 normal salt and volume homeostasis. 
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